The Pachmarhi, Denwa and Bagra Formations comprise of terrigenous sediments predominantly constitute the Mesozoic Gondwana sequence in Satpura basin of Madhya Pradesh, central India. The Pachmarhi Formation sandstones were studied with a view to understand the nature of the Satpura basin in relation to provenance and tectonic setting. Twenty representative samples of sandstone from Pachmarhi were examined for detrital mineralogy, petrofacies and tectonic implications. These sandstones are medium to coarse grained, moderately to moderately well sorted, subangular to subrounded and of moderate sphericity and composed of several varieties of quartz, feldspar, rock fragments, mica and a suite of heavy minerals. Petrographically, the Pachmarhi sandstones are quartzarenite and subarkose. The petrofacies studies reflect derivation of the sediments from continental block provenance and stable cratonic to fault-bounded basement uplift tectonic setting. The study suggests that the Precambrian granitoids occurring in the southern margin of the Satpura basin contributed sediments during Pachmarhi sedimentation.
Introduction
The Gondwana strata of peninsular India record resumption of sedimentation during the Permo-Carboniferous period after a lond depositonal hiatus that began in the proterozoic. In peninsular India Gondwana successions are preserved in a number of discrete, intracratonic basins that record a depositional history up to the Cretaceous (Figure 1 ). These successions share the faunal and floral characteristics of the Gondwana strata of South America, South Africa, Australia and Antarctica and also resemble one another lithologically which comprises the other constituents of the southern hemispheric part (Gondwanaland) of the Paleozoic supercontinent Pangea. The successions start with basal diamictite and glacial outwash deposits, passing up to coal-bearing siliciclastic deposits with Glossopteris flora overlain by Triassic red beds with calcretes [1] . This paper presents a detailed account of Pachmarhi Formation exposed in east-central part of Satpura Gondwana basin. The Triassic succession in the east-central part of the Satpura basin comprises the Pachmarhi and the overlying Denwa Formations. The Pachmarhi Formation attains an average thickness of about 750 m with a maximum of about 900 m. It is dominantly arenaceous, comprising pebbly, gritty to very coarse and coarse to medium grained occurring as channel shaped multistorey bodies of 5 -20 m thick. The sandstone are profusely cross-bedded with interbeds of horizontal bedded sandstone. The channel bodies are commonly characterized by 1 -2 m thick interbeds of conglomerate or massive pebbly sandstone with an uneven erosional base. Pebbles are present almost throughout the sedimentary unit.
Geological Setting
The Gondwana basins of Peninsular India are intracratonic in nature surrounded by Precambrian terrains. They are disposed along ENE-WSW trending Narmada-SonDamodar valley, NNW-SSE trending Pranhita Godavari valley, NW-SE trending Mahanadi valley and E-W trending Satpura basin (Figure 1 ). There is general consensus that these basins originated under a bulk extensional regime due to failure of attenuated crust along preexisting zones of weakness imparted by Precambrian tructural grains [2] [3] [4] [5] [6] . The Satpura basin of central India s is the western most Indian Gondwana basin and outcrops along ENE-WSW trending Narmada-Son Damodar Valley (Figure 1) . The basin is rhomb shaped, approximately 200 km long and 60 km wide. The Satpura basin was created as pull-apart basin due to extension related to strike-slip movement along the Son-Narmada Lineament [7, 8] . The bulk of Satpura succession was deposited in a mega half graben bounded by basin margin fault controlled subsidence regimes with intervening tectonically static periods. Also, the subsidence rate varied across the basin resulting in an asymmetric basin fill with the thickness increasing towards the north [4] . The Satpura basin contains rocks of Permian to Cretaceous age and therefore comprises the longest stratigaraphic range of Indian Gondwana basins. Interistingly, the term Gondwana was introduced by Meddlicott [9] while he was working in the Satpura basin, after the ancient kingdom of Dravidian Gonds, one of the principal aboriginal tribes who still inhabited the Satpura area. The Gondwana sequence, known as Upper Gondwana, occurs in the central and northern parts of the Satpura basin. These comprise the Pachmarhi, Denwa and Bagra Formations ( Table 1) . The Pachmarhi Formation comprises recurring sequence of multistorey sandstones bodies which crop out largely in the southern and central parts as lofty hills and plateau (Figure 2) . The Satpura Gondwana basin hosts a ~5 km thick siliciclastic succession Permian-Cretaceous, [10] that unconformably lies over the Precambrian basement. The regional strike of the basin-fill strata is NE-SW, and the regional dip (5˚) directed towords north. The PermoCretaceous Satpura Gondwana succession has been classified into seven major lithostratigraphic unit that form oldest to youngest are the Talchir, Baraker, Motur, Bijori, Pachmarhi, Denwa and Bagra formations (Figures 2 and  3, Table 1 ). Barring the lowermost glacio-marine and glacio-fluvial deposits, the rest of the succession largely comprises a variety of fluvial deposits with some records of fluvio-deltaic and fluvio-lacustrine sediments [11] [12] [13] [14] [15] [16] . In the Satpura Gondwana basin, periods of maximum subsidence are indicated by glaciomarine, fluvio-deltaic and fluvio-lacustrine regimes that prevailed during the Talchir, Barakar and Bijori sedimentation respectively. Following the Bijori sedimentation, accumulation in the Satpura Gondwana basin took place under the alluvial regime indicating a decrease in the rate of subsidence [8] .
The available paleogeographic reconstructions suggest that the Satpura basin had migrated from a position of 60˚S latitude in Lower Permian to 30˚S -40˚S latitude by Middle Triassic [13, [17] [18] [19] and thus had traversed through different climatic zones during this period. Sediment dispersal patterns indicate that the Precambrian terrain straddling the southern margin of the Satpura Gondwana basin was the most probable source for the Satpura Gondwana sediments [8] . In the study area, tonalite gneiss is a predominant member of the gneissic complex, which is the oldest unit of this Precambrian terrain. Towards west of the study area, [20] described similar assemblage of Precambrian rocks as the Betul Group of rocks and tentatively suggested a magmatic arc type tectonic setting with intra-arc sedimentary belts. A brief summary of lithology, depositional conditions, climate and age of the Satpura Gondwana succession are given in Table 1 .
Methodology
The present study mainly deals with petrography and Provenance of Pachmrhi Formation sandstones. The sampling of sandstone units was carried out at regular intervals of measured section keeping in view the physical variation between different units. Out of all collected sandstone samples twenty representative samples were cut into thin sections for petrographic study, which were etched and stained with sodium cobaltinitrite solution for identification of K-feldspar. Grain size measurements were carried out with the help of a micrometer eye piece. Chayes [21] point counting technique was employed and 300 -350 grains were measured in each thin section. The size data was grouped into half-phi class interval. Cumulative frequency curves of grain size data were plotted on log probability paper. The grain diameters in phi units represented by Ф5, Ф16, Ф25, Ф50, Ф75, Ф84, and Ф95 percentiles were read from the size frequency curves. In the present study roundness scale given by Powers [22] with six roundness classes has been used. Mean roundness of each sample were determined by conventional statistical method employing the Powers class limit values. Roundness of the sand grains of each sample was measured by counting an average of about 300 grains per thin section. For pertofacies analysis, the detrital modes were recalculated to 100 percent by summing up of Qt, Qm, Qp, F, P, K, L, Lt, Lv and Ls framework constituents following Dickinson [23] .
Texture and Composition
The present study is based on the twenty sandstone samples. Based on Folk [17] formulae, the various statistical parameters of grain size distribution like Graphic Mean (Mz) and Inclusive Graphic Standard Deviation (σ1) are determined ( Table 2) . Graphic mean is a measure of central tendency, which is calculated by the formula Ф16 + Ф50 + Ф84/3. The Mean grain size (Mz) values of the studied samples ranges from 0.30Ф to 2.91Ф with an average of 1.87. These samples are mainly medium grained followed by coarse grained and fine grained population. Variation in grain size is not uniform in several samples. Such variations suggest that during deposition the current was not of uniform strength. The inclusive graphic standard deviation (σ1) is the measure of sorting or uniformity of particle size distribution and it is calculated by the formula (Ф84 -Ф16)/4 + (Ф95 -Ф5)/6.6. Inclusive graphic standard deviation (σ1) ranges from 0.59Ф to 1.22Ф. Most of these sandstones are moderately sorted to moderately well sorted which indicates the fluctuating conditions of the current. It is well known that sorting of sediments depends upon competence and stability of currents, relatively constant strength currents produce very well sorted to well sorted sediments. These sandstones have grain roundness ranging from subangular to subrounded (2.0Ф to 3.0Ф). For aggregate samples mean roundness value is 2.83Ф. The framework constituents of the studied sandstone are mainly composed of quartz, feldspar, rock fragments and mica (Plate 1). The heavy minerals occur as minor constituents. These sandstones consist of various types of quartz including common detrital quartz, recrystallized and stretched metamorphic quartz. Feldspars are not much abundant in the studied sandstones. The feldspar grains belong to plagioclase, orthoclase and microcline. Both fresh and weathered varieties are common. The monocrystalline quartz generally shows undulatory extinction. Some of the quartz grains contain inclusion of rutile, zircon, tourmaline and micas. Polycrystalline quartz grains posses both sharp and sutured intercrystal boundaries. The rock fragments observed in this study include polycrystalline quartz grain (Qp), chert and lithic fragents including shale, phyllite and schist fragments. m According to Folk's [30] classification the Pachmarhi sandstones are quartzarenite and subarkose (Figure 4 ).
Petrofacies and Tectono-Provenance
Petrofacies, as defined by [31] , implies detrital composition of sandstone and its significance to regional tectonic framework and contemporary tectonic activity in the source and depositional areas. The proportion of detrital framework grains plotted on triangular diagram provide effective discrimination of a variety of plate tectonic setting and have been used as powerful tool for determining the origin and tectonic reconstruction of terriginous deposits [23] . In the present investigation, detrital minerals of Pachmari Sandstones were studied for the purpose of interpreting their provenance and tectonic setting using [23] classification scheme. In the present study the detrital modes were recalculated to 100 percent as the sum of Qt, Qm, Qp, P, K, L, Lt, Lv and Ls ( Table 3) . The intrabasinal and detrital limeclasts (Lc) do not occur and heavy minerals were excluded as they are highly variable as a result of hydrodynamic and geochemical influences. In this study four triangular diagrams, Qt-F-L, Qm-F-Lt, Qp-Lv-Ls and Qm-P-K were used ( Table 3) . Both t-F-L and Qm-F-Lt plots show full grain populations, Q Upper part: Alternations of sheet-like, medium to coarse sandstone, carbonaceous shale and thin coal bands; abundant plant impressions, hydromorphic soils and wave-generated structures.
Middle part: Coarse to pebbly cross-stratified sandstones, red mudstones and calcic paleosols [12] . Lower part: Alternations of tabular to wavy-bedded bodies of medium to coarse sandstone, variaegated mudstone; carbonaceous shale and wave-generated structures present.
Lower and upper part: Lake shorelines, sub-aqueous distributory channels and associated levees, wave-and storm-affected delta front and open lacustrine/lower shore face deposits. Middle part: Fluvial channels and associated flood plains. Warm, semi-arid climate with seasonal rainfall in the middle part; more humid regimes during lower and upper intervals [12] .
Late Late Permian (Early Tatarian) [28] Motur Max. 900 m+ Multistoreyed, cross-stratified, coarse sandstone (mainly in the western part). Red mudstone-dominated succession with embedded lenses and sheets of medium to coarse sandstone; sandstone:mudstone varies from 1:10 to 3:1; calcic vertisols common in the red mudstones, hydromorphic paleosols present at places; silicified wood fossils present (mainly in the eastern part) [16] .
Braided, bedload channel deposits. Anastomosed channel deposits. Predominantly semi-arid climate [16] possibly with intermittent wet periods towards later phase of the sedimentation.
Early Late Permian (Ufimian-Kazanian) [16] Barakar Max. 450 m+ Alternation of sandstone, sandstone-shale heterolith and carbonaceous shale/peat/coal. Two types of sandstone bodies: 1) coarse sandstone characterized by unidirectional cross-sets, 2) medium sandstone characterized by hummocky crossstratification, tidal bundles. Sandstone-shale heteroliths show flaser, lenticular and wavy bedding. Rootlets, plant litters present. Three major coal seams inter-bedded with sandstones in the upper part of the formation. Contact with the Talchir Formation is gradational [14] .
Tidally influenced delta front deposit, delta top interdistributory deposits, delta top braided channel deposits. Temperate-humid climate [14] .
Early Permian (Kungurian) [29] Copyright © 2013 SciRes. OJG
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Talchir
Max. 500 m+ Alternation of conglomerate, pebbly sandstone, medium sandstone and shale with little limestone. Two types of sandstone bodies: 1) coarse sandstone characterized by unidirectional cross-strata, 2) Medium sandstone characterized by hummocky, swaley, low-angle cross-strata, parallel and wave ripple lamination. Dropstone, striation, faceted and bullet-shaped boulders are common [11] .
Ice-contact fan delta, outwash braid-plain delta and a virtually ice-free, non-deltaic open marine condition (shoreface and offshore shelf); cold, arid climate [11] .
Early Permian (Sakmarian) [29] ~~~~~~~~~~~Unconformity~~~~~~~~~~~ Basement Tonalite gneiss, granites, metasediments, mafic and acid volcanic rocks Precambrian but, with different emphasis. The Qt-F-L diagram emphasizing factors controlled by provenance, relief, weathering and transport mechanism as well as source rock, based on total quartzose, feldspathic and lithic modes. In this diagram, the studied sample data plot in he continental block provenance field and clustering t around Qt apex further suggests a stable continental cratonic source and more especially a craton interior orogen provenance (Figure 5(a) ) [32] . Global sandstone petrographic classifications show that petrofacies that plot within the recycled orogen provenance field are commonly derived from metasedimentary and sedimentary rocks that were originally deposited along former passive continental margins [23, 33] . In the Qm-F-Lt diagram, all unstable lithic fragments including the polycrystalline quartz are plotted together as Lt, to emphasize the source rocks. In this diagram, most of the sample data plots in the continental block to recycled orogen provenance suggesting a mixed input in the sedimentary basin (Figre 5(b) ). The ratio of monocrystalline quartz to that of u polycrystalline quartz reflects the maturity of the sediments and sedimentary rocks because the amount of polycrystalline quartz tends to reduce by recycling and weathering [34] . The Qp-Lv-Ls plot, which is based on rock fragment population reveals the poly-minerallic component of source region and gives a more resolved picture about the tectonic elements. The sample data plot in rifted continental margin basin setting and few in thrust belt setting only (Figure 6(a) ) reflecting no contribution from the volcanic source. The Qm-P-K plot of the data shows that all the sediment contribution is from the continental block basement uplift provenance (Figure 6(b) ) and is reflected in mineralogical maturity of the sediments. As a whole petrofacies analysis indicates that the detrital components of Pachmari were derived mainly from continental block provenance, cratonic source, especially from a cratonic interior.
Discussion
Among the several factors influencing the detrital mineralogy of sandstones, the lithological composition of the rocks in the source area may be the most potent and dominating agent that affects the final sandstone composition [35] . The various types of source rocks produce different suite of detrital minerals which reveal the character of that rock from which the suites have originated.
A study of both the light and heavy minerals of the sandstone is important in interpreting the provenance character. Among the light minerals, quartz is the dominant constituent of the sandstone. Therefore, study of detrital quartz can provide an insight to the ultimate source of rocks. Heavy minerals provide exceptionally useful clue to the nature of source rocks. Like lighter fractions, they too are influenced by weathering, transportation and diagenesis. The Sandstones of the study area contain quartz of igneous (common quartz) and metamorphic (recrystallised metamorphic quartz, stretched metamorphic quartz) origin as well as micas, rock fragments, heavy mineral and feldspar. Plutonic (common) quartz is the predominant mineral constituent in the study area. It is mainly derived from granitic batholiths or granitic gneisses. Vein quartz suggests derivation from pegmatites, hydrothermal and much more rarely sedimentary vein fillings. The recrystallised metamorphic quartz indicates an origin from metaquartzite, highly metamorphosed granite and gneissic rocks. The stretched metamorphic quartz was probably derived from granite, schist. Mica present in the studied sandstones comprises mainly muscovite and a few biotite grains derived probably from granite, pegmatite or schist. The suite of heavy minerals with biotite, tourmaline and zircon indicate acid igneous source for these sediments. On the other hand the suite of heavy minerals including garnet and epidote reflects metamorphic source. Rounded to sub rounded grains of tourmaline, rutile and zircon is indicative of multicycled source for the sediments. The petrofacies analysis of the Pachmarhi Sandstone indicates multiple rock sources for these sandstones which are not reflected in the triangular plots. The apparent reason for this could be diagenetic alteration and weathering of unstable framework grains and consequent increase in the proportion of quartz grains.
Conclusion
The Pachmarhi sandstone is medium to coarse grained, moderately to moderately well sorted, subangular to subrounded and of moderate sphericity and composed of several varieties of quartz, feldspar, rock fragments, mica and suite of heavy minerals. The provenance had mixed source comprising of the Precambrian granites, gneiss and metasedimentary rocks straddling the southern margin of the basin. The plots of the Pachmarhi Sandstone on Qt-F-L and Qm-F-Lt diagrams suggest that the sediment supply from the continental block and more specially a craton interior. The Qm-P-K diagram suggest that the maturity of sediments and stability of the source area. The sediments were deposited in an intracratonic, rifted (pull-apart) basin conditions as evidenced from Qp-Lv-Ls diagrams.
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